bound representatives that can be used to look for differences between nucleotide-bound states.
Each AAA domain consists of two subdomains: a doubly-wound ␣/␤ fold and a C-terminal, four helix bundle. In all three hexameric AAA domains, the nucleotide is located near the interface between subunits and the active site appears to contain residues from two adjacent subunits. Zhang et al. identify potential pivot points on the outer rim of the p97 hexameric structure that would allow for rigid body motion of the ␣/␤ domain during the ATPase cycle, enabling and potentially transmitting nucleotide-driven conformational changes within the AAA ring to the N domain and bound substrates.
In order to determine at high resolution whether there are nucleotide-dependent movements in p97, Zhang et al. tried to crystallize p97 N-D1 domains in different nucleotide-bound states. They had no luck and instead compared the structure of ADP-bound p97 to that of its close homolog NSF in its AMP-PNP-bound state. To compare ATP-versus ADP-bound AAA hexamers, they superposed the ADP-bound p97 N-D1 crystal structure with the AMP-PNP-bound NSF D2 crystal structure at their P loops (this loop is involved in nucleotide binding). In this superposition, the ␣-and ␤-phosphates of AMP- for this motion. These differences between the ADPbound and AMP-PNP-bound structures are striking, and motivate a model for p97 acting as a molecular "ratchet" proteins adopt the same overall fold with about 50% of in which the two hexameric rings pivot back and forth the residues aligning with an rmsd of less than 1 Å . Within between ATP-and ADP-bound states while pulling the double psi ␤-barrel subdomain, there are differences attached substrates apart (see below). between p97/VAT and NSF/Sec18 in the first psi loop.
AAA proteins typically exist in equilibrium between This "loop" in NSF/Sec18 has a noncanonical two-turn monomeric and oligomeric forms, and only oligomeric helix inserted in it. In contrast, the first psi loop in p97/ enzymes are thought to be catalytically active. ATP bind-VAT is a canonical double psi ␤-barrel loop and is signifiing promotes assembly of oligomers. In the case of NSF, cantly shorter than that of NSF/Sec18. Psi loop regions the D2 domain is nonhydrolytic with a high affinity for often contain catalytic or substrate binding sites, and nucleotide, and it stabilizes the hexameric state. For the observed differences in this loop between the NSF/ p97, it is not known whether both AAA domains hySec18 and p97/VAT structures suggest that this may drolyze ATP, but the assumption based on sequence indeed be the region responsible for the divergent specihomology is that both do. An explanation for the high ficity of the enzymes' interactions. degree of stability of the p97 hexamer throughout its Clues to ATP Hydrolysis-Induced nucleotide cycle is suggested by flexible intersubunit Conformational Changes contacts in its structure. Specifically, one helix (␣5) AAA catalyzed protein complex disassembly and unmakes all of its primary contacts with an extended helixfolding is likely to be mediated by the ATPase's ability loop-helix (␣12 and ␣13) in the neighboring subunit. This to apply mechanical force to its substrates. To do this, interaction may allow the hexameric state to be mainthe ATPase must cycle between states in which it has tained even if individual subunits undergo substantial low or high affinity for substrate, and must undergo changes in relative positioning during the ATPase cycle. Figures 3B and 3C ). Rouiller and colleagues hypothesize that the biologically important conformational change in p97's cycle is the large rearrangement seen upon nucleotide binding rather than the smaller changes associated with nucleotide hydrolysis, the step usually assumed to be critical in an AAA protein's hydrolytic 
